The cartilaginous endplates (CEPs) are thin layers of hyaline cartilage found adjacent to intervertebral discs (IVDs). In addition to providing structural support, CEPs regulate nutrient and metabolic exchange in the disc. In IVD pathogenesis, CEP undergoes degeneration and calcification, compromising nutrient availability and disc cell metabolism. The mechanism(s) underlying the biochemical changes of CEP in disc degeneration are currently unknown. Since calcification is often observed in later stages of IVD degeneration, we hypothesised that elevations in free calcium (Ca 2+ ) impair CEP homeostasis. Indeed, our results demonstrated that the Ca 2+ content was consistently higher in human CEP tissue with grade of disc degeneration. Increasing the levels of Ca 2+ resulted in decreases in the secretion and accumulation of collagens type I, II and proteoglycan in cultured human CEP cells. Ca 2+ exerted its effects on CEP matrix protein synthesis through activation of the extracellular calcium-sensing receptor (CaSR); however, aggrecan content was also affected independent of CaSR activation as increases in Ca 2+ directly enhanced the activity of aggrecanases. Finally, supplementing Ca 2+ in our IVD organ cultures was sufficient to induce degeneration and increase the mineralisation of CEP, and decrease the diffusion of glucose into the disc. Thus, any attempt to induce anabolic repair of the disc without addressing Ca 2+ may be impaired, as the increased metabolic demand of IVD cells would be compromised by decreases in the permeability of the CEP.
Introduction
Chronic low back pain is a debilitating condition; it diminishes the quality of life, and is one of the most common reasons for seeking health care (Manchikanti et al., 2014) . Although there are several factors contributing to low back pain, intervertebral disc (IVD) degeneration is commonly accepted as a principal cause (DePalma et al., 2011; Kjaer et al., 2005; Luoma et al., 2000; Paajanen et al., 1989; Paajanen et al., 1997; Visuri et al., 2005) . IVDs are composed of an inner gelatinous nucleus pulposus (NP), and an outer fibrous ring, the annulus fibrosus (AF). Separating the IVD from the vertebral bodies is the cartilaginous endplate (CEP), a thin layer of hyaline cartilage that is in direct contact with the disc, bridging the disc with the vertebral bone (Chan et al., 2011) . CEPs not only provide biomechanical support, as they distribute intradiscal pressures and prevent bulging of the nucleus into the neighbouring vertebral body, but are the primary route for nutrient transport between the vertebral capillaries and the IVD cells (Grunhagen et al., 2011) . Several models have demonstrated the importance of the CEP in disc nutrition (Grunhagen et al., 2011; Jackson et al., 2011; Kang et al., 2014; Roberts et al., 1996; Shirazi-Adl et al., 2010) . CEP undergoes physical changes in the degenerate disc: decreases in the proteoglycan and collagen content, thinning, loss of water, and calcification, hallmarks that parallel the degeneration of the disc (Antoniou et al., 1996; Bernick and Cailliet, 1982; Lotz et al., 2013; Roberts et al., 1993) . Alterations in the biochemistry of the CEP have direct effects on nutrient availability in the disc, and its degeneration/calcification is suggested as a precursor to IVD disease (Grunhagen et al., 2011) . Although several studies have demonstrated a direct relationship between nutrient supply and disc cell viability, key factors implicated in the onset and progression of disc degeneration (Buckwalter, 1995; Horner and Urban, 2001; Kurunlahti et al., 2001; Tokuda et al., 2007; , others have demonstrated an increase in angiogenesis and diffusion in advanced degenerative and herniated discs (Binch et al., 2014; David et al., 2010; Lee et al., 2011; Rajasekaran et al., 2004) . Although a paradox in the hypothesis of nutrient availability and disc degeneration, many of the IVDs that demonstrate increased diffusion often present with degenerative endplate defects and/or Modic changes (Lotz et al., 2013) . A compromised endplate may subject the immune privileged disc to inflammatory cytokines and (Risbud and Shapiro, 2014) , exacerbating the degenerative process. The mechanism(s) responsible for the degeneration/calcification of the CEP are unclear, although upregulation of aggrecanases (ADAMTS), matrix metalloproteinases (MMPs), type X collagen, alkaline phosphatase (ALP), and inflammatory cytokines such as interleukin-1β (IL-1β) -implicated in IVD and cartilage degeneration -may be involved (Boos et al., 1997; Chen et al., 2014; Chevalier et al., 2013; Gruber et al., 2014; Risbud and Shapiro, 2014; Zhang et al., 2012) . The extracellular calcium-sensing receptor (CaSR), a family C G-protein coupled receptor (GPCR), is known for its role in regulating parathyroid hormone synthesis and secretion from the parathyroid glands, and is the primary means for sensing extracellular calcium (Brown, 2013) . However, CaSR expression is not restricted to the parathyroid glands, as its expression and function have been described in other calcium-handling tissues, including bone, kidney, and gut (Alfadda et al., 2014) . High extracellular Ca 2+ has been shown to promote the terminal differentiation of chondrocytes and maturation of osteoblasts, and induce mineralisation in culture (Bonen and Schmid, 1991; Chang et al., 1999a; Chang et al., 1999b; Dvorak et al., 2004; Rodriguez et al., 2005) . Concordantly, in vitro and in vivo studies using tissue-specific and inducible osteoblast and chondrocyte knockouts of CaSR have provided evidence for an important role in bone and cartilage development (Chang et al., 2010; Chang et al., 2008; Chang et al., 2002; Dvorak-Ewell et al., 2011; Santa Maria et al., 2015; Wu et al., 2004) .
HUMAN CARTILAGINOUS ENDPLATE DEGENERATION IS INDUCED BY CALCIUM AND THE EXTRACELLULAR CALCIUM-SENSING RECEPTOR IN THE INTERVERTEBRAL DISC
Several diseases are directly linked to CaSR (Brown, 2013) . For instance, inactivation mutations of the CaSR result in familial hypocalciuric hypercalcemia and neonatal severe hyperparathyroidism, where one or both alleles are affected, respectively, and activating mutations of CaSR result in autosomal dominant hypocalcemia (ADH). Patients with activating mutations of CaSR often develop nephrocalcinosis and renal insufficiency, with a high degree of ectopic calcifications early in life (Brown, 2013) . In one notable kindred with ADH, all probands developed premature osteoarthritis (Stock et al., 1999) . Animal studies have also demonstrated a link between CaSR activation and disease. For instance, in a guinea pig model of osteoarthritis, CaSR was shown to be upregulated in articular cartilage and its activation accelerated the degeneration and modulated the function of the inflammatory cytokine IL-1β (Burton et al., 2005) . In another study, where mice were generated to possess a gain-of-function CaSR mutation, widespread ectopic calcification was observed (Hough et al., 2004) . A role for the CaSR in the development or maintenance of other cartilaginous tissues such as the IVD remains unknown. Based on these observations, we hypothesise that increases in local extracellular Ca 2+ in the disc microenvironment and activation of CaSR promote degeneration of the CEP.
To address this, we determined the Ca 2+ content and expression of the CaSR in human CEP tissue with increasing grades of degeneration and evaluated the role of Ca 2+ in regulating the synthesis of matrix proteins, collagens type I, II, and proteoglycans, and aggrecanase activity. In addition, we investigated the role of the CaSR in CEP tissue integrity. To our knowledge, this is the first study to describe a mechanism for the degeneration and calcification of the CEP, and the involvement of a GPCR in the pathology of the disc.
Materials and Methods

Antibodies and materials
Anti-CaSR antibody [5C10, ADD] (Cat# ab19347), anticollagen I and anti-collagen II antibodies (Cat# ab34710 and ab34712, respectively), anti-ADAMTS-4 and -5 (Cat# ab111905 and ab41037, respectively), anti-MMP-13 (Cat# ab39012), and anti-ALP antibody (Cat# ab95462) were purchased from Abcam, Toronto, Canada. Anti-G1 aggrecan antibody was generated by Dr. Peter Roughley (Roughley and Mort, 2012) . Cinacalcet hydrochloride (CaSR agonist, Cat# C441800) was purchased from Toronto Research Chemicals, Toronto, Canada; and CaSR antagonist (CaSR antagonist 18c, Cat# Axon 1732) from Axon Medchem, Reston, VA.
Source of human tissue
Human thoracolumbar spines were harvested through the organ donation program of Hema-Québec within 12 h of death. Donors that had had recent chemotherapy, radiation therapy to the spine, or significant long-standing paralysis were excluded from the study. CEP tissue was obtained from lumbar discs with different Thompson scores (Thompson et al., 1990 ) from eight donors (age range of 18 to 65 years). All procedures were approved by the institutional review board of the Jewish General Hospital.
Calcium concentration in human cartilage endplates
CEPs were digested overnight at 56 °C with Proteinase K (Bio Basic, Canada) in Proteinase K buffer (50 mM Tris-HCl, pH 7.4). Samples were centrifuged and the supernatant was assayed for Ca 2+ content using a calcium detection kit following the manufacturer's guidelines (Abcam, Toronto, Canada).
Immunohistochemistry and staining CEP tissue was fixed in Accustain (Sigma-Aldrich, St. Louis, MO), paraffin embedded, and 5 µm sections were prepared on slides. Sections were rehydrated prior to immunohistochemistry or staining by deparaffinisation in xylene followed by sequential incubation in decreasing concentrations of alcohol and water. All sections prior to antibody incubation were treated with BLOXALL (Vector Laboratories, Burlingame, CA) for 10 min to inactivate endogenous peroxidase activity. To determine CaSR and ALP expression, sections were blocked in phosphate buffered saline (PBS) containing 1 % horse serum for 1 h, followed by incubation with anti-CaSR 
Aggrecan and collagen extraction from CEP tissue
CEPs were incubated in guanidine hydrochloride buffer (4 M guanidinium chloride, 50 mM sodium acetate, 10 mM ethylenediaminetetraacetic acid) for 72 h as previously described (Roughley and Mort, 2012) . Purified tissue extracts were digested with Keratanase [0.2 mU/ µL buffer: 50 mM Tris-HCl, pH 7.4] for 1 h at 37 °C followed by chondroitinase digestion [10 mU/µL buffer: 100 mM sodium acetate and 100 mM pH 7.4] for 16 h at 37 °C. Digestions were terminated by boiling samples for 5 min. Aggrecan and collagen content was determined by Western blotting of extracts. Briefly, extracts were electrophoresed on 4-20 % gradient gels (Bio-Rad, Hercules, CA) and transferred to PVDF membrane. Blots were blocked in 5 % bovine serum albumin (BSA) in PBS and 0.1 % Tween for 1 h, and probed with either anti-G1 Matrix protein synthesis and catabolic enzyme secretion in human CEP cells CEP chondrocytes were seeded at a density of 1.5 × 10 4 cells/well and incubated with culture medium containing the indicated concentrations of Ca 2+ (0.5, 1.0, 1.5, 2.5 and 5.0 mM) or IL-1β [5 ng/mL] for 24 h or 7 d. Conditioned media was collected 24 h following treatment. On day 7, wells were washed in PBS on ice (Wisent, Montreal, Canada) and accumulated matrix and cells were solubilised in RIPA (radioimmunoprecipitation assay) buffer containing protease inhibitors (Cat# P8340, SigmaAldrich, St Louis, MO). Extracts were centrifuged at 16000 ×g for 5 min and supernatant was collected. Western blotting was performed on both conditioned media and supernatant using 4-20 % Tris-glycine gradient gels and transferring onto PVDF membrane (Bio Rad, Hercules, CA) to determine secretion and accumulation of Col I and II, respectively. Aggrecan content was measured in supernatant from 7 d accumulated matrix by Western blotting using antibodies targeting the G1 domain, and the DMMB dye-binding assay (Farndale et al., 1986) 
Aggrecan digestion assay
Conditioned media from CEP chondrocytes were prepared by culturing cells in serum-free culture medium supplemented with 1.0, 2.5 or 5.0 mM Ca 2+ in the form of calcium chloride, and incubated with purified bovine aggrecan [2 mg/mL] for 16 h. Samples were processed as previously described (Roughley and Mort, 2012) . The effect of Ca 2+ on aggrecanase activity was determined by incubating recombinant ADAMTS-5 with purified aggrecan in digestion buffer (25 mM Tris-HCl, 75 mM NaCl, pH 7.5) with different concentrations of calcium MP Grant et al. Calcium and cartilaginous endplate degeneration chloride (0.1, 0.5, 1.0, 1.5, 2.5 and 5.0 mM) for 6 h at 37 °C. Digests were processed as previously described (Roughley and Mort, 2012) .
Bovine intervertebral disc cultures
Caudal bovine IVDs were collected from 20-24 month steers and processed for organ culture as previously described (Parolin et al., 2010) . Briefly, the connective tissue, vertebrae and bony endplates were removed. IVDs were preconditioned in DMEM culture medium containing 1 mM Ca 2+ for 5 d prior to treatment. After preconditioning, IVDs were cultured in medium supplemented with either 1.0 mM Ca 2+ , 2.5 mM Ca 2+ , or 2.5 mM Ca 2+ + 1 µM CaSR antagonist for 4 weeks. Media were replaced every 3 d.
Glucose diffusion assay
Bovine IVDs were washed in PBS prior to incubation with 0.5 mM 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)- Approximately 40 mg of AF and NP dissected tissues were used for 2-NBDG extraction in guanidine hydrochloride buffer (10 µL per mg of tissue) for 48 h at 4 °C. Extracted samples (100 µL) were measured for 520 nm emission intensity following excitation with 485 nm filtered light using a FLUOstar Omega spectrophotometer plate reader (BMG LABTECH, Ortenberg, Germany). Concentrations were determined by extrapolating from a 2-NBDG titrated standard curve.
Statistical analysis
Data were analysed by ANOVA, post hoc Dunnett's using GraphPad Prism 5.0 unless otherwise indicated. Dosedependent relations and calculations of EC 50 values were also performed using GraphPad Prism.
Results
Characterisation of human CEP tissue from Thompson graded IVDs
We evaluated the biochemical analysis of human CEP extracted from donor IVDs categorised by Thompson grade (Grade 2 to 4). We found significant decreases in the proteoglycan content in CEP tissue from Grade 3 (p < 0.001) and 4 discs (p < 0.0001) when compared to Grade 2 (Fig. 1A) . Similarly, CEP tissue showed decreases in the presence of the proform of Col I and II with grade of degeneration (p < 0.001), indicating reduced collagen synthesis (Fig. 1B) .
Alizarin red staining demonstrated calcification of CEP that was most pronounced in Grade 4 degenerative discs (Fig. 1C) ) and determined the effect on matrix protein synthesis. Treatment of CEP chondrocytes with IL-1ß was used as a control for its purported role in CEP and cartilage degeneration. Increasing Ca 2+ in culture medium resulted in a dose-dependent inhibition in the secretion of Col I and Col II in conditioned medium of CEP cells ( Fig.  2A,B) . Proteoglycan release was also affected by Ca 2+ as determined by measuring the content of GAG in the conditioned media of CEP treated cells (Fig. 2C) . As expected, decreases in the secretion of matrix proteins by Ca 2+ was also reflected in its accumulation on CEP cells. As shown in Fig. 2D and E, Ca 2+ dose-dependently decreased the accumulation of matrix proteins Col I, Col II, and the main proteoglycan in cartilage, aggrecan (Acan). The dose-dependent relations of Ca 2+ on the synthesis of Col I and Col II were calculated from the densitometric analysis taken from blots presented in Fig. 2A and B. The inhibitory concentration (IC 50 ) values for Ca 2+ on the synthesis of Col I and Col II were 1.3 ± 0.2 mM, 1.5 ± 0.1 mM, respectively (Fig. 2F) . A similar relation was also measured for the effect of Ca 2+ on the proteoglycan content in conditioned media of CEP chondrocytes presented in Fig. 2C (EC 50 , 2.2 ± 0.4 mM). Taken together, these data suggest that Ca 2+ plays a direct role in the synthesis of CEP matrix proteins.
CaSR is present in disc cells and increases with degeneration
The IC 50 values for the effect of Ca 2+ on matrix protein secretion (Fig. 2F ) is in agreement with the reported effective concentration (EC 50 ) on the activation of CaSR, suggesting its involvement (Brown and MacLeod, 2001) . To determine if the CaSR is expressed in human CEP, we performed immunohistochemistry on Grade 2-4 CEP tissue. Indeed, the CaSR was expressed in all grades of CEP tissue; however, the intensity appeared highest in Grade 4 (Fig. 3A) . To determine whether the CaSR expression was increased in Grade 4 CEP, we performed Western blotting on lysates of Grade 2-4 isolated CEP cells. Although CaSR expression was significantly increased in Grade 4 CEP cells (p < 0.05), a trend towards higher expression was apparent in Grade 3 cells (Fig. 3B, C) .
Effect of inhibition and knock-down of the CaSR on matrix protein expression
To determine if the CaSR can regulate matrix protein synthesis in human CEP chondrocytes, we cultured cells in medium supplemented with 2.5 mM Ca 2+ in the presence of a CaSR antagonist for 7 d and measured the MP Grant et al. Calcium and cartilaginous endplate degeneration accumulation of Col I, II and aggrecan. Increasing the levels of Ca 2+ in the culture medium decreased the synthesis of matrix proteins. However, the CaSR antagonist was able to dose-dependently restore the synthesis of Col I, II and aggrecan to levels similar to cells cultured in 1 mM control medium (Fig. 4A,B) . Conversely, when we incubated CEP chondrocytes in 1 mM Ca 2+ and 1 µM of the CaSR agonist, cinacalcet, synthesis of matrix proteins decreased significantly (Acan, p < 0.01; Col I, p < 0.001; Col II, p < 0.001) (Fig. 4C, D) .
Next, we knocked-down (KD) the CaSR by siRNA in CEP cells to determine whether loss of CaSR expression 
A B C D MP Grant et al. Calcium and cartilaginous endplate degeneration
has similar effects on matrix protein synthesis. KD of the CaSR (siCaSR) resulted in an approximate 75 % decrease in CaSR expression in CEP cells (Fig. 4E, F) . Interestingly, aggrecan expression in CEP cells was significantly elevated following siCaSR compared to siRNA control (siCTL) in 1 mM Ca 2+ (Fig. 4G,H) . Unlike in siCTL cells, Ca 2+ supplementation did not decrease the synthesis of Col I and II in siCaSR cells, but in contrast, the expression levels remained elevated in increasing Ca
2+
. The expression of aggrecan, however, decreased in a dose-dependent manner following increases in Ca 2+ content, although levels were higher than control treated cells (Fig. 4G, H) . Thus, in . CaSR dose-dependently decreases the expression of Col I, II and aggrecan. F, Densitometric analysis from blots presented in (A + B) normalised to 0.5 mM Ca 2+ and data from (C) were analysed using a sigmoidal dose-response curve, Ca 2+ concentrations were converted to log units. Calculated IC 50 values were 1.3 ± 0.2 mM, 1.5 ± 0.1 mM, and 2.2 ± 0.4, for Col I, Col II and Agg, respectively. Means ± SEMs ; n = 3.
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addition to activation of the CaSR, Ca 2+ may be affecting aggrecan content independently.
Effect of Ca
2+ on aggrecan catabolism To determine if Ca 2+ affects the synthesis and release of catabolic enzymes in CEP chondrocytes, we measured the content of ADAMTS-4, ADAMTS-5, and MMP-13, in conditioned medium of cells supplemented with increasing concentrations of Ca 2+ . However, increasing the concentrations of Ca 2+ did not affect the secretion of either ADAMTS-4, ADAMTS-5, or MMP-13 full-length forms (Fig. 5A) .
Given that aggrecan expression is affected by high levels of Ca 2+ despite KD of CaSR, it is possible that Ca 2+ may be regulating catabolic enzyme activity resulting in enhanced aggrecan degradation. To determine if CEP-conditioned medium contained activated enzymes, we incubated purified aggrecan with media collected from CEP cells incubated in 1.0, 2.5 and 5.0 mM Ca 2+ . The degradation of aggrecan was most pronounced in conditioned medium collected from CEP cells supplemented in 5.0 mM Ca 2+ (Fig. 5B) . These data indicate that Ca 2+ may be altering the activity rather than the level of catabolic enzymes. To determine if Ca 2+ can have a direct effect on ADAMTS activity, we measured the cleavage of aggrecan using recombinant ADAMTS-5 with increasing concentrations of Ca
2+
. Increasing the concentration of Ca 2+ in our assay resulted in an approximate 2-fold increase of the G1 cleavage product of aggrecan, suggesting an enhancement in the total activity of ADAMTS-5 (Fig. 5C ).
Ca
2+ supplementation induces degenerative changes in IVD organ cultures
To determine if Ca 2+ can induce degenerative changes in CEP tissue, we employed a bovine IVD organ culture system, a suitable model in the study of human disc degeneration. We cultured the IVDs in medium containing 1 mM Ca 2+ (representing normal free calcium levels), 2.5 mM Ca 2+ , or 2.5 mM Ca 2+ in the presence of a CaSR antagonist for 4 weeks. Increasing the levels of Ca 2+ to 2.5 mM in the culture medium had a significant impact on proteoglycan content in CEP tissue as demonstrated by diminished alcian blue staining when compared to IVDs cultured in 1 mM Ca 2+ (Fig. 6A) . The proteoglycan content was partially restored when IVDs incubated in 2.5 mM Ca 2+ were co-cultured with a CaSR antagonist (Fig.  6A) . Western blotting of guanidium extracted CEP tissues demonstrated a band representing full length aggrecan (Fig.   Fig. 3 . When IVDs were cultured in 2.5 mM Ca 2+ in the presence of the CaSR antagonist, aggrecan content was partially maintained (Fig. 6B) . Elevations of Ca 2+ in IVD culture medium decreased the synthesis of the proform of Col I and II in CEP, a feature of CEP degeneration; however, the addition of the CaSR antagonist suppressed the effects of Ca 2+ on collagen expression in IVDs (Fig. 6C) .
Water content is an important characteristic in cartilage maintenance and function, providing compressibility, homeostasis, including the diffusibility of nutrients and metabolites. Loss of water content in the CEP leads to a tissue that is more dehydrated. Proteoglycans are responsible for maintaining turgid pressure in cartilage, and aggrecan is the principal proteoglycan involved in this process. Changes in the quantity and physical properties of aggrecan affect water retention. As predicted by the decreases in aggrecan synthesis, incubation in 2.5 mM Ca 2+ resulted in reduced water content (p < 0.001) (Fig. 6D) (Fig. 6E) . Mineralisation was evident in CEP tissue following 4 weeks incubation in 2.5 mM Ca 2+ and Fig. 4 (previous page) . Inhibition or siRNA knock-down (KD) of CaSR reverses Ca 2+ -induced changes in matrix protein expression. A, grade 2 CEP chondrocytes were incubated for 7 d in 1.0 mM Ca 2+ , 2.5 mM Ca 2+ , or 2.5 mM Ca 2+ in the presence of 1, 10 or 100 nM CaSR antagonist (Ant). Lysates were probed for types I and II collagen (Col I and II), aggrecan (Acan) and GAPDH. B, Densitometry was performed on blots presented in (A) and normalised to GAPDH. Data were calculated as a percent of 1.0 mM Ca 2+ treatment for Col I, Col II, and Agg. Means ± SEMs; ANOVA, post-hoc Dunnett's; ***, p < 0.001; n = 3. C, Representative Western blot of lysates from grade 2 CEP chondrocytes treated with 1 mM Ca 2+ , 5 mM Ca 2+ or cincalcet (Cin) [1 µM] for 7 d and probed for Col I, Col II, aggrecan (Acan), and GAPDH. D, Densitometric analysis of Western blots presented in (C). Data were normalised to GAPDH and calculated as a percent of 1 mM Ca 2+ . Means ± SEMs; ANOVA, post-hoc Dunnett's; **, p < 0.01, ***, p < 0.001; n = 3. E, Western blot and densitometry (F) of CaSR expressed in G2 CEP cells following siRNA treatment against CaSR demonstrating approximately 75 % inhibition in protein expression. Means ± SEMs; student t-test; ***, p < 0.001; n = 3. G, Western blot of Col I, Col II and Agg expression in CaSR knockdown (siCaSR) and control (siCTL) cells. H, Densitometry of blots presented in (G). Intensities were normalised to GAPDH and all data were calculated as a percent of 1.0 mM siCTL for Col I, Col II and Acan. Means ± SEMs; ANOVA, post-hoc Dunnett's; *, p < 0.05; **, p < 0.01; ***, p < 0.001; n = 3. . Inhibition of the CaSR in the presence of elevated Ca 2+ was sufficient in abrogating calcification of CEP tissue. ALP, the principal enzyme involved in tissue mineralisation, was up-regulated in CEP of IVDs incubated in 2.5 mM Ca 2+ and not in IVDs incubated in 1 mM Ca 2+ or 2.5 mM Ca 2+ with the CaSR antagonist (Fig. 6E ).
Ca 2+ supplementation decreases glucose diffusion in IVD organ cultures
The CEP behaves as a filter regulating nutrient diffusion in the disc. To determine whether the calcification induced by elevated levels of Ca 2+ impairs nutrient availability to the disc, we measured the diffusion of glucose in our IVD organ culture model. Following 4 weeks of culturing in 1 mM Ca 2+ , 2.5 mM Ca 2+ , or 2.5 mM Ca 2+ with the CaSR antagonist, IVDs were incubated for 48 h with 2-NBDG, a fluorescent analogue of D-glucose. An approximate 25 % decrease in glucose content was observed in both CEP and NP tissues in 2.5 mM Ca 2+ -incubated discs (p < 0.001). When the CaSR antagonist was co-incubated with 2.5 mM Ca 2+ , glucose content in both the CEP and NP increased significantly and when compared to the 1 mM Ca 2+ -treated control discs (Fig. 6F) .
Discussion
In the present study, we provide several lines of evidence supporting the concept that Ca 2+ is involved in the degeneration of the CEP. Ca 2+ content in human CEP was found to be increased with grade of degenerative disc, a finding that paralleled physical changes in the tissue. Our results corroborate previous reports on decreases in proteoglycan and collagen content in CEP tissue from degenerative discs (Antoniou et al., 1996; Bernick and Cailliet, 1982; Fields et al., 2014; Lotz et al., 2013; Roberts et al., 1989; Rodriguez et al., 2011) . Although Ca 2+ directly suppressed the synthesis of collagen and proteoglycan in the CEP through activation of the CaSR, it indirectly affected proteoglycan content by enhancing the activity of catabolic enzymes. Finally, we demonstrated that Ca 2+ and activation of CaSR was able to induce calcification of CEP tissue partly through upregulation of ALP, the principle enzyme involved in tissue mineralisation (Whyte, 2010 increase the expression of osteogenic markers: osteopontin, osteonectin, and osteocalcin (Chang et al., 1999a; Chang et al., 2002) . In these studies, activation of the CaSR was demonstrated as the main factor in transducing the Ca 2+ response. Interestingly, in our study, CaSR expression was found to be up-regulated in CEP chondrocytes with grade of degeneration. Several factors may contribute to the expression of CaSR, for instance cytokines such as IL-1β and TNF-α, that are up-regulated in degenerative IVDs, can drive CaSR expression (Canaff and Hendy, 2005) . In addition, agonist-induced activation of CaSR has been demonstrated to increase its stability and cell-surface targeting (Grant et al., 2012; Grant et al., 2011) . Both of these mechanisms, up-regulation of the CaSR by cytokines and enhanced surface targeting may contribute to the increased expression of the CaSR observed in degenerate CEP chondrocytes. Calcification and proteoglycan content affect tissue hydration, and we demonstrate decreased water content in CEP tissue following 2.5 mM Ca 2+ incubation in the IVD organ cultures. In addition to its role in hydrostatic loading, water content is important for disc nutrition, as both tissue dehydration and calcification are impediments to nutrient diffusion (Grunhagen et al., 2011) . Concordantly, glucose diffusion into the NP was reduced in the Ca 2+ -treated discs, a property that could be attributed to increased mineralisation and dehydration of the CEP. Although it is unclear what constitutes Ca 2+ concentrations in the nondegenerate CEP, the levels in CEP of Grade 2 discs were ≤ 1 mM, similar to serum Ca 2+ levels, whereas Ca 2+ content in CEP of severely degenerate discs (Grade 4) approached 10 mM. Since the reported EC 50 of CaSR is ~ 3 mM (Tfelt-Hansen and Brown, 2005) , it would imply that in non-degenerate tissue, the lower Ca 2+ content has limited effect on the activity of the CaSR; however, in degenerate CEP, where Ca 2+ content is elevated, the CaSR activity may be pronounced. Indeed, when we cultured IVDs in elevated Ca 2+ in combination with a CaSR antagonist, mineralisation and up-regulation of ALP was abrogated, and glucose diffusion into the disc was restored.
At higher concentrations of Ca 2+ (5 mM), the presence of aggrecan decreased, despite CaSR KD in Grade 2 human CEP cells. Aggrecan contains recognition sites for aggrecanases (ADAMTS-4,-5) and MMPs (Roughley and Mort, 2012) . Although MMPs are capable of cleaving aggrecan, they are 100-fold less effective than ADAMTSs. Ca 2+ has been shown to play a role in the stability and activity of MMPs, and it is predicted based on the presence of known calcium-binding sites to contribute to the structural integrity of ADAMTSs, but little is known of its functional role on enzyme activity (Shieh et al., 2008) . Therefore, aggrecan content may be regulated directly by Ca 2+ -dependent catabolic enzyme activity, independent of CaSR and its role in aggrecan expression. Although up-regulation of catabolic enzyme levels can affect aggrecan content, we did not observe changes, at least in the expression of ADAMTS-4,-5, and MMP-13 in CEP chondrocytes with increasing Ca 2+ concentrations. However, when we incubated purified aggrecan with Ca 2+ -conditioned media from CEP chondrocytes, aggrecan content decreased profoundly. These observations were further refined to reflect ADAMTS activity when we incubated aggrecan with recombinant ADAMTS-5 in increasing Ca 2+ concentrations. We observed an approximate 2-fold increase in the activity of ADAMTS-5, when Ca 2+ concentrations were elevated from 0.1-5.0 mM. Of note, the Ca 2+ concentrations used here fall within the range observed in human CEP tissue. Given that ADAMTSs are up-regulated in degenerate CEP tissue Zhang et al., 2012) , minor elevations in Ca 2+ could have profound effects on their activity, and hence, the integrity of aggrecan. Aggrecan is known to have a much higher rate of turnover than collagen, approximately 4-20 years versus > 100 years, respectively (Maroudas et al., 1998; Sivan et al., 2006; Sivan et al., 2008) , and in degenerative discs, aggrecan turnover can increase by two fold (Sivan et al., 2006) . Aggrecan degradation appears to precede collagen degradation in the degenerate disc, and given that Ca 2 + content is significantly elevated in CEP from Grade 3 degenerate discs, Ca 2+ -induced enhancement of aggrecanase activity may be the driving force for degradation of aggrecan in early stages of IVD degeneration. Indeed, we and others have observed decreases in the proteoglycan content of human CEP tissue with grade (Antoniou et al., 1996; Fields et al., 2014; Rodriguez et al., 2011) , and, although the mechanism(s) are unclear, here we demonstrate that this could be associated with Ca 2+ levels. One question that remains unanswered is the source responsible for elevating Ca 2+ in the CEP. It is unlikely to be coming from serum, as plasma Ca 2+ levels are tightly regulated (1.1-1.3 mM). A more probable source is the vertebrae, with which the CEP makes direct contact. The vertebral bodies contain a significant portion of trabecular bone, which undergoes continual remodelling. Osteoporosis is a likely cause for increased Ca 2+ release in the vicinity of the CEP, as bone loss and turnover are most pronounced in the spine. Indeed, post-menopausal females who are at greater risk of developing osteoporosis (Watts, 2014) are more likely to present with severe lumbar disc degeneration than males (Margulies et al., 1996; Wang et al., 2011; Yoshimura et al., 2009) . Moreover, disc degeneration associated with spondylolisthesis was approximately three times more prevalent in females who developed osteoporosis after having undergone ovariectomy, when compared to an age-matched nonovariectomised group (Imada et al., 1995) . These studies suggest that accelerated bone-turnover; possibly due to development of osteoporosis, can enhance disc degeneration. Further evidence comes from in vivo studies, which have demonstrated changes in endplate and development of IVD degeneration in ovariectomised animals (Ding et al., 2014; Wang et al., 2004) . Interestingly, treatment of ovariectomised rats with the anti-osteoporotic agent, alendronate, maintained bone mineral density, reduced calcification of the CEP and retarded lumbar disc degeneration (Luo et al., 2013) . This suggests that vertebral bone loss or excessive turnover, may be a relevant source of Ca 2+ that could infiltrate the CEP resulting in accelerated calcification and disc degeneration, and that anti-osteoporosis treatments may also have therapeutic potential in disc degeneration.
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The use of biologics in the regeneration of IVDs is a promising therapy for degenerate discs; however, decreases in nutrient permeability due to degeneration and calcification of the CEP may limit their potential, as the increased metabolic demand following anabolic induction of IVD cells may not be met. Therefore, any attempt to regenerate the IVD may be contingent on the structure and mineralisation of the CEP. Our current results imply that Ca 2+ content in the CEP needs to be prevented from increasing above its normal range in the early stages of disc degeneration if any attempts to regenerate IVDs are to be successful.
Conclusions
We provide evidence for a direct role of Ca 2+ in CEP degeneration and calcification, by modulating the activity of catabolic enzymes, and regulating the expression of matrix proteins and calcification through activation of the CaSR. Inhibiting the CaSR or reducing bone turnover to minimise Ca 2+ accumulation may provide novel therapeutics in the treatment of disc disease.
Discussion with Reviewers
Reviewer I: What mechanisms would you suggest we could target the raised calcium levels in the disc? Authors: If elevated Ca 2+ content in the disc is indeed the result of diffusion gradients generated from vertebral bone turnover, then regulating bone resorption may be a means of limiting Ca 2+ infiltration. The use of bisphosphonates may be one mechanism of targeting the raised Ca 2+ levels, as these drugs affect osteoclast activity thereby reducing bone absorption. Another mechanism that is perhaps more radical, is the use of chelating agents such as ethylenediaminetetraacetic acid (EDTA). These agents are typically administered when heavy metal poisoning is suspected but could possibly be used to limit Ca 2+ availability by injection in the disc.
